In mesial temporal lobe epilepsy (mTLE), the predominant form of epilepsy in adults, and in animal models of the disease, there is a conspicuous loss of the intracellular Ca 2ϩ -binding protein calbindin-D 28k (CB) from granule cells (GCs) of the dentate gyrus. The role of this protein in nerve cell function is controversial, but here we provide evidence for its role in controlling Ca 2ϩ influx into human neurons. In patients with Ammon's horn sclerosis (AHS), the loss of CB from GCs markedly increased the Ca 2ϩ -dependent inactivation of voltage-dependent Ca 2ϩ currents (I Ca ), thereby diminishing Ca 2ϩ influx during repetitive neuronal firing. Introducing purified CB into GCs restored Ca 2ϩ current inactivation to levels observed in cells with normal CB content harvested from mTLE patients without AHS. Our data are consistent with the possibility of neuroprotection secondary to the CB loss. By limiting Ca 2ϩ influx through an enhanced Ca 2ϩ -dependent inactivation of voltage-dependent Ca 2ϩ channels during prolonged neuronal discharges, the loss of CB may contribute to the resistance of surviving human granule cells in AHS.
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Ammon's horn sclerosis (AHS), present in approximately twothirds of patients with mesial temporal lobe epilepsy (mTLE) (Blümcke et al., 1999) , is characterized by a devastating loss of hippocampal neurons, comprising the hilus, and the CA1, CA3, and CA4 regions, whereas dentate gyrus granule cells (GCs) are conspicuously more resistant to the damage (Margerison and Corsellis, 1966; Blümcke et al., 1999) . This selective loss of some, and sparing of other, neurons remains puzzling. Work on mTLE and animal models of limbic epilepsy has suggested that the neuronal damage may result from excessive and sustained epileptic seizures (Sagar and Oxbury, 1987; Meldrum, 1993; Wasterlain, 1997; Jackson et al., 1998) . If frequent and prolonged seizures can kill nerve cells, then a likely mechanism for the ensuing neuronal loss is the activity-dependent accumulation of cytoplasmic Ca 2ϩ entering the cells through voltage-and ligand-gated Ca 2ϩ -permeable channels, or being released from intracellular stores (Miller, 1991; Ghosh and Greenberg, 1995; Berridge, 1998) . Indeed, neurons tightly control the cytoplasmic concentration of free Ca 2ϩ because it regulates critical cellular events ranging from signal transduction cascades and induction of gene transcription to neuronal death (Ghosh and Greenberg, 1995; Berridge, 1998) .
Numerous cellular changes have been considered to be associated with AHS (Blümcke et al., 1999) . Specific molecular events such as altered GABA A receptor subunits (Brooks-Kayal et al., 1998) or the loss of the neuronal Ca 2ϩ -binding protein calbindin-D 28k (CB) (Baimbridge and Miller, 1984) occur even before the generalization of seizures. Of the known cellular changes, the loss of CB in the surviving dentate gyrus granule cells of human mTLE patients (Maglóczky et al., 1997) , also present in several animal models of the disease (Miller and Baimbridge, 1983; Baimbridge and Miller, 1984; Baimbridge et al., 1985; Shetty and Turner, 1995; Yang et al., 1997) , gives the closest clue to an altered Ca 2ϩ homeostasis in these mTLE-affected neurons. The role of CB in nerve cells is not well understood (Baimbridge et al., 1992) . Many reports (Sloviter, 1989; Lledo et al., 1992; Cheng et al., 1994) consider its presence in neurons to convey resistance against excessive Ca 2ϩ -dependent neuronal damage. A contrasting view, based on recent findings in CB knock-out animals (CBϪ/Ϫ) (Klapstein et al., 1998) is that its absence may actually alleviate Ca 2ϩ -dependent neuronal damage. The discovery of a Ca 2ϩ -dependent promoter for CB (Arnold and Heintz, 1997) , and the loss of CB from granule cells in several animal models of TLE (Miller and Baimbridge, 1983; Baimbridge and Miller, 1984; Shetty and Turner, 1995; Yang et al., 1997) raises the possibility that levels of CB may be regulated in a Ca 2ϩ -dependent manner subsequent to changes in neuronal excitability. In the kindling model, the CB loss has been suggested to serve a neuroprotective role, by limiting the amount of Ca 2ϩ entry during prolonged action potential firing . We directly addressed the regulation of Ca 2ϩ entry into human hippocampal neurons that survived AHS associated with mTLE. A reduced Ca 2ϩ entry, compared to that found in cells with no CB loss obtained from nonsclerotic hippocampi, would be consistent with the loss of CB and the ensuing diminished Ca 2ϩ entry having saved the granule cells from devastation in AHS. The availability of recombinant CB made possible its infusion into the very neurons that lost it during the course of the disease, thus directly addressing its role in the control of neuronal Ca 2ϩ entry. We have exploited the unique opportunities provided by our epilepsy surgery programs (Engel, 1993; Schwartzkroin, 1993) to perform concomitant morphological and physiological analyses on human hippocampi resected from mTLE patients.
MATERIALS AND METHODS
Patient subjects. All patients had therapy-refractory mTL E and were under a f ull antiepileptic drug regimen at the time of surgery (Engel, 1993) . C linical data were not significantly different between the AHS and the lesion group (Table 1) . Hippocampal control specimens were obtained at autopsy from two individuals without any history of neurological or psychiatric disease (cause of death: respiratory insufficiency caused by severe pneumonia and cardiogenic shock caused by myocardial infarction, respectively). Informed consent was obtained from all patients for additional histopathological and electrophysiological evaluation. All procedures were approved by the respective ethics committees of the University of Bonn Medical C enter and the UCL A Human Subject Protection ) and conform to standards set by the Declaration of Helsinki (1989) .
Immunohistochemistr y and quantification of CB-immunoreactive GCs. Immunohistochemistry for CB was performed on 4-m-thick paraffinembedded sections of the hippocampi obtained from the patients whose cells were used for patch-clamp recordings. In addition, hippocampal control specimens were obtained at autopsy from two individuals without any history of neurological or psychiatric disease. All specimens were processed in a single batch according to standard methods. Specimens were stained with a primary antibody (1:1000; anti-calbindin-D 28K ; Swant, Bellinzona, Switzerland) overnight at 4°C. Binding of the primary antibody was detected by the avidin -biotin -complex peroxidase method (ABC Elite; Vector Laboratories, Burlingame, CA), using 3,3Ј-diaminobenzidine (IC N Biochemicals, C leveland, OH) as a chromogen. Sections were lightly counterstained with hematoxylin, dehydrated, and mounted. Control experiments with omission of primary antibodies, as well as substitution of the primary antibody by equivalent dilutions of nonimmune rabbit IgG serum (Dako, Glostrup, Denmark), showed no immunoreaction product. For quantitative analysis of CB immunoreactivity, sections were scanned at a magnification of 1000ϫ using a Vanox microscope (Olympus, Tokyo, Japan), a CCD video camera (Sony, Tokyo, Japan), and the I P Lab imaging analysis software (Signal Analytics Corporation, Vienna, Austria) on a MacIntosh computer (7100/66; Apple). Optical densities (OD) were recorded as values on a gray scale ranging from 0 (black) to 255 (white) for 10 randomly selected GC bodies, each within three defined regions of interest (superior blade, inferior blade, and apex of the dentate gyrus) per specimen. ODs of the alveus devoid of immunoreaction product served as reference values. Within each specimen, ODs determined for the GC bodies were subtracted from the reference value.
Preparation of acutel y isolated dentate granule cells. Isolated hippocampal granule cells were prepared as described previously (Beck et al., 1997a (Beck et al., ,b, 1999 Nägerl and Mody, 1998) . Human hippocampal specimens were placed in ice-cold artificial C SF (AC SF) immediately after surgical removal. Coronal slices, 400-m-thick, were prepared from the corpus of the hippocampus with a vibratome and transferred to a storage chamber with warmed (32°C) AC SF. After an equilibration period of 60 min, enzymatic digestion was performed for 25 min with 2-3 mg /ml pronase (protease type X IV; Sigma, St. L ouis, MO). The dentate gyrus was dissected under a binocular microscope (Z eiss, Oberkochen, Germany) and triturated in 2 ml of trituration solution with fire-polished glass pipettes. The cell suspension was then placed in a Petri dish for subsequent patch-clamp recordings. Only neurons with ovoid somata and a single dendrite reminiscent of granule cell morphology in situ were included in this study. The isolated cells were superf used with an extracellular solution containing (in mM): tetraethylammonium chloride (TEA) 140, 4-aminopyridine (4-AP) 5, C aC l 2 5, glucose 10, and H EPES 10, and tetrodotoxin (TTX) 1 M (chemicals obtained from Sigma and Fluka, Buchs, Switzerland). The osmolarity was adjusted to 283 mOsm with sucrose. Patch-clamp whole-cell recording. Patch pipettes were made from borosilicate glass capillaries (outer diameter, 1.5 mm; inner diameter, 1 mm; Science Products, Hof heim, Germany or Garner Glass) with a resistance of 2-3 M⍀. The pipettes were filled with an intracellular solution containing (in mM): C s-methanesulfonate 80, TEA 20, MgC l 2 5, H EPES 10, ATP 10 and GTP 0.2, pH 7.4, C sOH. The osmolarity was adjusted to 275-280 mOsm with sucrose in all intracellular solutions. In some experiments, CB (500 -1300 ng /l) was included in the intracellular solution. For this purpose, lyophilized CB (Swant; Dr. K . G. Baimbridge, University of British Columbia) was reconstituted with bidistilled water, followed by buffer replacement with intracellular solution using Bio-Spin Chromatography Columns (Bio-Gel P-6; Bio-Rad, Munich, Germany) according to the supplier's recommendation. Homodimers of CB were not present in the intracellular solution, as demonstrated by subjecting 3 g of CB (Swant) reconstituted in bidistilled water as well as 3 g of CB purified by a Bio-Spin Chromatography Column (Bio-Rad) to 10% SDS-PAGE. Visualization of proteins on gels by Coomassie blue showed a single band at ϳ28 kDa (data not shown). For the recordings including CB in the intracellular solution, the tip of the electrode was dipped briefly (1 sec) into CB-free intracellular solution and back-filled with CB-containing solution. Recordings performed with different intracellular solutions were interleaved in individual patients to minimize effects caused by interpatient variability. Tight-seal whole-cell recordings were obtained at room temperature (21-24°C) (Beck et al., 1997a (Beck et al., ,b, 1999 Nägerl and Mody, 1998) . Membrane currents were recorded using the EPC9 patch-clamp amplifier (Heka Elektronik, Lambrecht / Pfalz, Germany) and the TI DA acquisition and analysis program (H EK A Elektronik). To generate AP waveforms for voltage-clamp commands, a single action potential was recorded from GC s using an Axopatch 200B amplifier (Axon Instruments, Foster C ity, CA) in the fast current-clamp mode and the WinWC P Strathclyde Electrophysiology Software version 2.1 (courtesy of Dr. J. Dempster, University of Strathclyde). It was Bessel-filtered (8-pole) at 5 kHz, digitized at 20 kHz, and subsequently concatenated to produce a 1 sec 108 Hz AP train. The train was digital-to-analog-converted with an update rate of 10 kHz (PCI-M IO E16 -4; National Instruments, Austin, TX) and applied as a voltage command. To minimize capacitive artifacts, all current traces were linear leak-subtracted according to the P/4 protocol (Bezanilla and Armstrong, 1977) or using the EPC9 leak subtraction protocol. Series resistance was compensated by 60 -80%. The maximal residual voltage error estimated by multiplying the maximal C a 2ϩ current amplitude with the effective series resistance after compensation did not exceed 3 mV. A liquid junction potential of Ϫ9.7 mV was calculated between the intracellular and extracellular solution with the generalized Henderson liquid junction potential equation, as described (Barry and Lynch, 1991) . This value was subtracted from V h . All results were expressed as mean values Ϯ SEM. Differences were proven with a Mann-Whitney U Wilcoxon rank test, with the significance level set to 0.05 and denoted with asterisks in the figures.
RESULTS

Distribution of CB in the hippocampi of mTLE patients
We have obtained hippocampal specimens for electrophysiological and morphological investigations from mTLE patients. The patients were divided into two distinct groups (see Table 1 for clinical patient data). The first group comprised patients with a histopathological diagnosis of AHS characterized by severe neuronal loss in the CA1, CA3, and CA4 subfields and relative sparing of CA2 and the dentate gyrus (AHS group; Margerison and Corsellis, 1966) . In this group, most cells in the granule cell layer were devoid of CB immunoreactivity (Fig. 1C) . The second group consisted of patients without AHS but with lesions in the temporal lobe (lesion group) that did not involve the hippocampus proper. In this group, GCs show a pattern of CB immunoreactivity comparable to that of control biopsy specimens stained under identical conditions (Fig. 1 A,B) . The cumulative probability plot (Fig. 1 D) of the OD of the immunoreaction product from single GC bodies quantitatively illustrates this dichotomy in hippocampal CB content. The average density of the CB immunoreactivity over the cells was: AHS, 4.1 Ϯ 1.2; lesion, 41.1 Ϯ 9.3; and control, 56.5 Ϯ 6.1.
Increased inactivation of I Ca in human neurons lacking CB
Hippocampal specimens were obtained at surgery, and GCs were isolated according to standard protocols (Beck et al., 1996 (Beck et al., , 1997a Nägerl and Mody, 1998) . In parallel, the specimens were also classified based on CB immunohistochemistry. As a quantitative measure for the Ca 2ϩ -dependent inactivation, we recorded voltage-dependent Ca 2ϩ currents in the whole-cell configuration (Fig. 2 A) using double-pulse experiments. A U-shaped relation- Figure 1 . Immunohistochemistry for CB in dentate granule cells. All three photographs represent the granule cell layer with the granule cell bodies (stained dark for CB in A and B). Above the granule cells, the inner molecular layer is visible, whereas below the granule cell layer, part of the polymorphic cell layer of the dentate gyrus can be seen. A, In autopsy control hippocampi, the majority of dentate granule cells were intensely stained for CB. B, Specimens obtained from mTLE patients of the lesion group showed pronounced immunoreactivity in most dentate granule cells, corresponding well to the immunoreactivity pattern seen in the autopsy specimens. C, In contrast, AHS specimens displayed very faint or no CB immunoreactivity in the majority of dentate granule cells. Only a few neurons were immunopositive for CB. Sections are counterstained with hematoxylin. Scale bar, 10 m. D, Cumulative probability plots of OD in hippocampal sections from autopsy control ( filled triangles), lesion ( filled circles), and AHS (open circles) patients as a measure for CB immunoreactivity. Each symbol represents the referenced OD for a single GC body.
ship between the command voltage of the conditioning prepulse (P 1 ; Fig. 2 B, inset) and the I C a amplitude evoked by a test pulse (P 2 ) delivered 50 msec later is indicative of a Ca 2ϩ -dependent I C a inactivation process. This amplitude directly measures the level of inactivation produced by previous Ca 2ϩ entry (Eckert and Chad, 1984) . Relating the peak amplitude of I C a evoked by single voltage pulses to the rate of its decay represents an alternative measure for the Ca 2ϩ dependency of I C a inactivation, which we have used previously to characterize the enhanced I C a inactivation in GCs obtained from AHS mTLE patients (Nägerl and Mody, 1998; Beck et al., 1999) . According to the double-pulse experiments, Ca 2ϩ -dependent inactivation is considerably more pronounced in the AHS group (Fig. 2 A) , as measured by the ratios of the test pulse I C a amplitude and the peak I C a evoked by P 2 . The minimal ratios were observed at ϩ10 mV P 1 voltage for the AHS group (0.59 Ϯ 0.08, n ϭ 25) and at ϩ20 mV for the lesion group (0.81 Ϯ 0.07, n ϭ 14, p Ͻ 0.005; Fig. 2 B) . The decay time constants of the I C a in the three experimental conditions were (in msec): AHS, 52.7 Ϯ 5.5; lesion, 172.6 Ϯ 94; and AHS ϩ CB, 146.2 Ϯ 73.6.
We used nifedipine to estimate the contribution of L-type Ca 2ϩ channels to the whole-cell I C a inactivation. Bath application of nifedipine blocked up to 45.1 Ϯ 3.7% (n ϭ 4) of the I C a amplitude and diminished inactivation in AHS GCs from a ratio of 0.59 Ϯ 0.08 (n ϭ 25) to 0.88 Ϯ 0.12 (n ϭ 4) (data not shown). This indicates that most of the observed inactivation can be ascribed to L-type Ca 2ϩ channels and that Ͼ75% of the L-type current inactivates after a 100 msec depolarization.
I Ca inactivation after infusion of purified CB into AHS neurons devoid of CB
Next, we tested whether introduction of purified CB into granule cells of patients with AHS restores the Ca 2ϩ -dependent inactivation to levels seen in the lesion group. Indeed, inclusion of 500 ng/l (ϳ20 M) of purified CB into the intracellular solution (Fig.  3A , bottom panel ) substantially reduced Ca 2ϩ -dependent inactivation measured by double-pulse protocols compared to recordings without CB obtained in a GC from the same patient (Fig. 3B,  top panel ) . Figure 3C demonstrates the effect of CB on I C a in a single cell as CB gradually diffuses into the cell after patch rupture. Recordings with (n ϭ 6) and without (n ϭ 7) CB were alternated to ensure that the effects of CB were not caused by interpatient variability. When the normalized ratios of Ca 2ϩ current amplitudes during P 2 were averaged, the presence of purified CB in the patch pipette considerably reduced the inactivation (0.75 Ϯ 0.05, n ϭ 6) compared to the corresponding recordings without CB (0.57 Ϯ 0.05, n ϭ 7; Fig. 3D ). This effect Figure 2 . Ca 2ϩ -dependent I Ca inactivation as measured by double-pulse experiments. A, Representative traces illustrating the inactivation of Ca 2ϩ currents evoked by P 2 after previous influx of Ca 2ϩ during a 100 msec prepulse (P 1 , marked by asterisk) in GCs isolated from a patient with AHS and a patient with lesion-associated epilepsy. Note the more rapid Ca 2ϩ current inactivation during P 1 in patients with AHS. B, Peak current amplitudes during the test pulse (P 2 ) were normalized to their maximal amplitudes, averaged separately for the lesion group ( filled circles; n ϭ 14) and the AHS group (open circles; n ϭ 25), and plotted versus the command voltage of the 100 msec prepulse. The bottom panel shows the normalized amplitudes of the Ca 2ϩ current during the conditioning prepulse P 1 . Figure 2 B for the four experimental conditions: AHS (n ϭ 32), lesion (n ϭ 14), AHS ϩ CB (n ϭ 6), and AHS ϩ BAPTA (5 mM, n ϭ 5). Recordings with different intracellular solutions were interleaved to minimize interpatient variability. Asterisks indicate significant differences (Mann-Whitney U Wilcoxon rank test, p Ͻ 0.05).
of CB was comparable to those obtained with including the synthetic Ca 2ϩ buffer BAPTA (5 mM; inactivation ratio 0.85 Ϯ 0.07, n ϭ 5) into the patch pipette.
CB controls the Ca 2؉ entry induced by a train of action potentials
Using trains of action potential (AP) waveforms in the whole-cell voltage-clamp mode, we mimicked physiological Ca 2ϩ entry during high-frequency neuronal firing to probe possible functional consequences of the CB-dependent Ca 2ϩ current inactivation in mTLE GCs. Intracellular CB perfusion via the patch pipette into GCs from AHS patients gradually slowed the rate of decay of the Ca 2ϩ entry evoked by AP trains. To quantify the AP-dependent Ca 2ϩ entry, the I C a associated with the last and the first AP in the train were integrated to calculate the total charge. The respective charge ratios were taken as a measure of the effect of CB on spike train-induced Ca 2ϩ entry. As shown in Figure 4 B, the charge ratio of a 1 sec 108 Hz train is significantly increased to 0.50 Ϯ 0.02 (n ϭ 4; p Ͻ 0.005) in AHS GCs after CB infusion (1300 ng/l at 50 M) from 0.37 Ϯ 0.02 (n ϭ 4) in CB-deficient GCs (Fig. 4 A) , whereas the total charge associated with the first AP of the train did not differ under the two conditions (0.191 Ϯ 0.006 mC/F with CB, 0.195 Ϯ 0.036 mC/F without CB, total charge normalized to cell capacitance). The infusion of the synthetic Ca 2ϩ chelator BAPTA (5 mM) instead of CB also increased the charge ratio to 0.52 Ϯ 0.03 (n ϭ 5; p Ͻ 0.005 compared to AHS GCs), an effect indistinguishable from that of CB.
DISCUSSION
We have shown that by controlling the Ca 2ϩ -dependent inactivation of the high-voltage-activated L-type Ca 2ϩ current, CB can regulate the amount of Ca 2ϩ entry into human epileptic CNS neurons. Two mTLE patient groups identified on the basis of hippocampal cell loss also diverged with regard to the CB content of dentate gyrus granule cells. These two patient groups provided us with the opportunity to record from human neurons with reduced and normal CB levels. The group with severe hippocampal cell loss (AHS) showed a marked reduction in granule cell CB levels (Maglóczky et al., 1997) , an enhanced Ca 2ϩ current inactivation (Nägerl and Mody, 1998; Beck et al., 1999) , and a reduced Ca 2ϩ entry after repetitive firing. Granule cells in nonsclerotic hippocampi (lesion group) displayed normal levels of CB and moderate Ca 2ϩ current inactivation. A similar correlation of CB loss in GCs and altered Ca 2ϩ current inactivation is found in an experimental animal model of TLE (kindling; . We have now demonstrated the involvement of CB in altered Ca 2ϩ current inactivation, because the reduced Ca 2ϩ entry in AHS granule cells could be reversed by directly introducing CB into the neurons.
The Ca 2ϩ -dependent inactivation of voltage-gated Ca 2ϩ channels is a key factor in limiting neuronal Ca 2ϩ entry. If CB is to play an active role in the control of this process, it must either interact directly with the channel or it has to reach sufficiently high levels around the point Ca 2ϩ of entry to effectively buffer the entering Ca 2ϩ ions. Interestingly, the Ca 2ϩ -binding protein calmodulin was recently shown to be the Ca 2ϩ sensor responsible for inactivation (Lee et al., 1999; Levitan, 1999; Qin et al., 1999; Zuhlke et al., 1999) . Because both CB and calmodulin bind Ca 2ϩ to EF hand structures with possibly similar kinetics and affinities, it is conceivable that the estimated cytoplasmic CB concentrations of ϳ100 M (Baimbridge et al., 1992) are normally sufficient to disrupt the negative Ca 2ϩ feedback on the channel. However, the relatively low concentrations of infused CB sufficient in our experiments to restore the inactivation of Ca 2ϩ are consistent with a close physical association or even an interaction between CB and the Ca 2ϩ channels. Another EF-hand Ca 2ϩ -binding protein, sorcin, has been shown to tightly associate with the ␣1 subunits of the cardiac and sarcoplasmic L-type Ca 2ϩ channels (Meyers et al., 1998) . At this time, there is no evidence for a similar association between CB any Ca 2ϩ channel subunit, but recent evidence indicates a considerable fraction of CB to be found in the plasma membrane (Winsky and Kuznicki, 1995) .
Regardless of the manner how CB controls the inactivation of Ca 2ϩ entry through voltage-gated Ca 2ϩ channels, the critical question is whether the loss of CB can lead to neuroprotection. Albeit counterintuitive, such an idea is consistent with the enhanced neuroprotection after ischemic insults in CBϪ/Ϫ mice (Klapstein et al., 1998) . In addition to the Ca 2ϩ dependent inactivation of Ca 2ϩ channels, some of the cellular mechanisms involved in neuroprotection in the CBϪ/Ϫ mice may include enhanced activation of Ca 2ϩ dependent K ϩ channels and changes in synaptic facilitation. Nevertheless, most Ca 2ϩ entry into neurons takes place when voltage-gated Ca 2ϩ channels open during APs. Repetitive AP firing such as that occurring during seizures may thus exacerbate Ca 2ϩ entry unless there is a Ca 2ϩ -dependent negative feedback. Our experiments using action potential waveforms have shown that even at high frequencies, the first few action potentials in the train will produce comparable Ca 2ϩ entry regardless of the presence or absence of CB. But in CB-deficient cells, the reduced Ca 2ϩ entry during action potentials at the end of the train may be viewed as a use-dependent block of Ca 2ϩ influx, turning to be gradually more pronounced as the duration of neuronal firing gets longer or its frequency becomes higher. If vulnerable neurons in AHS die directly from an excessive Ca 2ϩ entry caused by prolonged high-frequency activity during seizures, then the protective mechanism against large Ca 2ϩ loads provided by the loss of CB may indeed be responsible for the preservation of granule cells. Conversely, one would predict that granule cells that did not lose CB would be more prone to cell death in AHS patients. Yet, Maglóczky et al. (1997) did not report any differences at the EM level between CB- deficient and CB-containing GCs. Nevertheless, the timing or mechanism of cell death in CB-positive neurons in AHS may preclude the identification of the neurodegenerative process in ultrastructural studies.
Presently, it is unknown what mechanisms control the decrease of CB levels in AHS but not in lesion-associated epilepsy. In neurons, the synthesis of CB is not vitamin D-dependent like in the periphery (Baimbridge et al., 1992) , but the CB gene has a Ca 2ϩ -dependent promoter (Arnold and Heintz, 1997 ) that may regulate CB synthesis, depending on the amount of neuronal activity. Interestingly, the only study examining the levels of CB mRNA when protein levels were clearly reduced in kindled animals found no change in the amount of message (Sonnenberg et al., 1991) . This lack of change in CB mRNA in kindling raises the possibility of an enhanced activity-dependent degradation of CB.
Our findings also show that in spite of the protection of GCs against neuronal injury in AHS, the loss of granule cell CB did not prevent mTLE. In the future, the impact of the CB loss from GCs on the function of the dentate gyrus will have to be considered in the context of the entire hippocampal network. Nevertheless, for the first time in adult human neurons, we have directly demonstrated the role of CB in regulating Ca 2ϩ influx in surviving cells of the sclerotic hippocampus. Thus, our findings demonstrate a strong link between cellular CB levels and the intracellular Ca 2ϩ homeostasis, providing further insight into the relationship between cellular CB content and neuronal vulnerability.
